Polyaniline (PANI) is one of the most studied conducting polymers. Obtained in its conducting form (known as "emeraldine salt") by chemical or electrochemical oxidation of aniline in aqueous acidic medium, this polymer manifests an array of attractive properties. In our work, we investigate the properties of PANI in the form of nanofibers and establish the relationship between the level of doping, optical properties and the conductivity. Two methodologies, chemical and electro-chemical polymerization were used to deposit PANI. In former, dedoped PANI was deposited as a thin film on the glass substrate which was then doped with different concentrations of hydrochloric acid (HCl) to observe the change in conductivity and color. UV-Visible spectra (transmittance and absorbance) of the films were acquired and their conductivities were measured using a four-probe setup. In the latter method, PANI in the emeraldine salt form were deposited on ITO glass using an electrolytic cell. The voltage, temperature and electrolytic environment were varied to analyze the effect of change of doping levels on the optical and electrical properties of PANI. Surface electron microscope images were also taken which showed the nanofibers possessing circular cross sections in the order of 30-60 nm.
INTRODUCTION
Polyaniline (PANI) is among the most extensively studied systems during the past two decades. Polyaniline, resulting from oxidative polymerization of aniline, consists of both reduced (B-NH-B-NH) and oxidized (B-N=Q=N-) repeat units, where B denotes a benzenoid and Q denotes a quinoid ring [1] . The fully reduced PANI is called leucoemeraldine base (LEB) and is nonconductive; Absence of conductivity also is observed in the fully oxidized form, pernigraniline (PNB), with imino nitrogens. The third form, emeraldine base (EB), is semi-oxidized and features alternation of two amino and two imino nitrogen atoms per unit cell (tetramer) [5] . These forms can be obtained by appropriate postpolymerization treatment of emeraldine salt of PANI: reduction, oxidation, and deprotonation. PANI in the emeraldine oxidation state can switch reversibly between the electrical conducting and insulating forms through a doping and undoping process [2] .
Electroconducting polymers seem very promising for use in microsensors. The potential of electroconducting polymers as sensors is based on modulation of their doping level and by interaction with some gases [1] . This effect results in an immediately controlled response in conductivity. Various applications of PANI in its different forms are known. Conducting polyaniline has been used as a sensing material for the detection of various vapours such as methanol, ethanol, acetone, and benzene [1] . Various complexes of PANI with different transition metals are used for the production of electrochromic glasses. The diversity of electronic properties of polyaniline makes it potential and actual component in numerous devices. The application of PANI in different types of batteries or in conducting antistatic films has already been brought to the industrial stage. This is only a start of the numerous applications of PANI. The unusual combination of color, conductivity, and synthetic availability, along with the prospect for practical applications, is the major reason for the lasting interest in the physics and chemistry of PANI systems.
PANI exhibits reversible color changes (due to different oxidation states) according to the potentials applied. When the applied potential varies within a certain range, the color changes from transparent (leucoemeraldine) to yellow/green (emeraldine) and eventually to blue/black (pernigraniline) [2] . In the present investigation, we present the results and establish relationship of the effect of different doping levels according to the potentials applied, on the electrical and optical properties of polyaniline. Also the effect of temperature and electrolytic environment has been investigated and results are presented. Two methods have been used for depositing PANI, the chemical and electro-chemical polymerization techniques.
EXPERIMENTAL

Chemical polymerization and effect of doping
Sample preparation
Polyaniline was synthesized using the chemical polymerization technique. In this process, 0.3M Aniline monomer was rapidly added into the 1.0 M Camphorsulfonic acid (CSA) solution. Although a great variety of other dopant acids can be used, including: hydrochloric, sulfuric, nitric, phosphoric, perchloric, acetic, formic, tartaric, camphorsulfonic, methylsulfonic, ethylsulfonic, and 4-toluenesulfonic acid among others [5] . To enhance the oxidation process, ammonium-persulfate acting as an oxidant was added to the mixture and allowed to react further overnight. The resultant solution was the emeraldine salt form of the polyaniline. The initially prepared CSA-doped polyaniline was washed with 0.1M NH 4 OH to convert it to emeraldine base and was called dedoped PANI. The undoped (dedoped) polyaniline film was obtained by drop-casting on a glass slide. There were three such films prepared. The films were left to dry naturally overnight. For protonic doping, the films were dipped in different concentrations of HCl solution (viz. 1%, 5% and 10%w/w) and were left to dry for overnight again.
Electrical Properties
The three films formed were tested using the four point probe method to determine the effect of doping on the electrical conductivity of the polyaniline films which were doped by different concentrations of dopant material. Applied current was varied in steps and the corresponding voltage was measured to determine whether polyaniline possesses ohmic or rectifying contacts. According to the four-point probe method, the resistivity can be calculated using the following relation:
, (1) where S is the probe spacing (mm), which was kept constant, I is the measured current in mA, and the corresponding voltage, V, was measured in mV. Conductivity σ can be computed using the relationship:
Electropolymerization of PANI
The experimental setup
Electro-polymerization of PANI nanofibers is one significant way of producing ordered PANI nanofibers. There were basically three sets of experiments carried out using the same experimental setup but under different conditions of voltages (constant voltage or multi-step constant voltage), temperatures and under different electrolytic environments (acidic and neutral medium).
PANI nanofibers were prepared by a controlled electropolymerization process on a conventional three-electrode system. The electrolytic cell consisted of a piece of indium-tin oxide (ITO) glass sheet (<70Ώ/square) which was used as the working electrode (2×2 cm 2 ) and a platinum sheet (2×2 cm 2 ) served as the counter-electrode. The distance between the working electrode and counter-electrode was ~3 cm [2] . Anodic deposition was controlled by an electrochemical station in an electrolytic solution of 1.0 M HCl containing 0.3 M aniline monomer. The electrolyte solution was prepared using de-ionized water at room temperature. A mechanical stirrer was used to continuously stir the solution during polymerization to ensure even and ordered deposition of the polymer. A DC power source to supply the needed potential and a digital multimeter to observe and record the current flow were used.
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Experiments a) Synthesis of Polyaniline in a controlled voltage and acidic environment
Polyaniline was synthesized using the above setup and four such depositions were done each under a different set of conditions listed in table 1 given below. One of the prepared PANI samples (No.
2) was taken and tested in an electrolyte of 1.0M HCl to observe the effect of doping on PANI. An electrolytic cell similar to the one for polymerization was used here. In this case, the voltage was gradually increased in steps of 0.05V over a range of 0.40V to 1.25V and the UV-Visible spectrum taken (See section 2.3). Each voltage step was held constant for time span of 5 mins. This is represented in Figure 1 . The sample was taken out of the cell and left to dry naturally overnight. Its spectrum was obtained and the process continued in a similar way. This resulted in four samples doped with increasing amounts of acid. Optical spectrum for the same is shown in Figure 5 . 
c) Influence of voltage in a neutral medium
The highly acidic HCl solution was replaced by a neutral 1.0M NaCl salt solution in the cell and effect of voltage under the influence of neutral electrolytic solution, on the PANI film was observed. The voltage this time could be made higher due to the neutral nature of electrolyte and was gradually increased from 0.5 V to 10.5V, in steps of 0.05V, each held constant for a period of 5 minutes.
Optical Characterization
Optical characterization of the polyaniline films was obtained using UV-Visible spectroscopy. The transmission and absorbance spectrum were acquired using an Ocean-Optics USB-2000 spectrometer attached to an output port of an inverted microscope (Nikon). The transmitted light is captured in the far-field, whereby the collection and spectral measurement take place. A 10× optical microscope objective is used which causes the emerging light to be imaged into the output port of the microscope and onto the open end of the optical fiber coupled to the spectrometer system. 
RESULTS AND DISCUSSION
Polyaniline synthesis using chemical method
Optical properties
The initially prepared CSA-doped polyaniline was green in color and became violet-blue upon washing with copious amounts of 0.1M NH 4 OH. This is an indication of conversion of PANI salt to basic form due to its deprotonation (reduction) and was called dedoped PANI [2] . Since the conductive polymers such as polyaniline are highly colored because their (π-π * ) energy gap falls within the visible region. Those wavelengths which are not absorbed are transmitted, resulting in the observed color [1] . The optical spectrum obtained before and after the deprotonation process clearly verifies this change. The leftmost peak (~420nm) in the transmission spectrum shown in Figure 2 is indicative of the emeraldine base (dedoped) form of PANI which is violet-blue in appearance. Dipping the emeraldine base cast film in 1% aqueous solution of HCl resulted in return of the characteristic green color of metallic emeraldine hydrochloride. This is indicated by the shift in the transmission peak to ~500nm. Thin films of emeraldine base dipped in different concentration of HCl suggests the expected red-shift in peaks which is caused due to gradually increasing protonation to emeraldine salt. Doping with different concentrations caused protonation in quinone di-imine units to different extents [3] . 
Electrical Characteristics: I-V Curve and Conductivity dependence on doping
The linear relationship of current and voltage in Figure 3 clearly suggests that PANI possesses ohmic contacts. The electrical conductivity computed using Equation (1) is given in Figure 4 which gives the relationship between the doping concentration and conductivity, indicating increase in conductivity with the increase in doping concentration. 
Controlled voltage and acidic medium conditions.
The polymerization is first carried out at a higher voltage (0.75V in the first case) for a short time duration and then at a relatively lower voltage (0.65V) and longer time period. It is known from previous papers [2] that the slower the growth rate, the more ordered and dense the structures that can be obtained. When a controlled gradually decreased voltage was applied, the morphologies of the PANI films were significantly changed. The optimized electropolymerization conditions were investigated for depositing PANI nanofibers in a controlled multi-step constant voltage process. In a previous study, [2] explained the growth mechanism as a controlled nucleation and growth process. It was pointed out that at a high current density, polymer seeds are firstly deposited on the substrate and then at a lower current density, the polymer nanowire arrays grew from the nucleation sites. These findings were verified from our experimental study and the SEM images shown in Figure 6 .
Transmission-electron-microscopy (TEM) images ( Figure 5 ) reveal that the polyaniline nanofiber layers consist of a large quantity of wirelike nanostructures. The average diameter of the polyaniline nanofibers is about 30 nm when HCl is used as a dopant acid during synthesis and about 50 nm when CSA is used as the dopant acid during synthesis, with lengths up to several micrometers. The diameter of the nanofibers is strongly related to the dopant acid used in the polymerization process [6] .
Figure7 gives the spectra and compares the curves obtained for PANI deposited on an ITO glass substrate under the sets of conditions given in Table 1 . The two absorbance bands at around 400 nm and 825 nm are probably characteristic of polaronic charge carriers for PANI. The increased absorbance is indicative of the control growth process. Also changing the temperature from room temperature to close to the temperature of ice bath keeping the polymerizing potential .Th
0 constant is also found to increase the absorbance, justifying the fact that the temperature does influence the formation of nanofibers. 
Effect of increasing voltage in acidic medium
The optical spectra for a PANI sample (no.2) as described in section 2.2.2(b) is shown in Figure 8 . The absorbance image describes the increased absorbance happening with increasing amount of applied voltage. This can be attributed to the fact that as the polymerizing voltage increases, the PANI gets more oxidised (protonated) in the presence of doping medium and changes state as well as color and absorbs more light. 
Effect of increasing voltage in neutral medium (NaCl solution)
The effect of increasing voltage is pretty evident even in the case of a neutral electrolytic solution such as NaCl where higher potentials could be reached due to the neutral nature of the electrolyte. The absorbance image is shown in Figure  9 . This process is also found to be reversible i.e. reducing the voltage makes PANI film more and more transparent thus reducing absorbance. Wavelength(mn) Figure 9 . The curve on the top is obtained from PANI subjected to NaCl and at voltage of 10.5V. PANI film before experiment is shown at the bottom.
CONCLUSIONS
In this paper, we have demonstrated the dependence of doping variables on the optical and conductive properties of polyaniline nanofibers. Interconversion of polyaniline (from salt to base and vice-versa) was carried out and was verified by the optical results obtained. The protonation of the PANI base results in a substantial increase in conductivity. Moreover, we have concluded that doping (and/or undoping) process can be controlled by potentials applied during the polymerization process itself which is confirmed by the optical spectrum given along. Also temperature is found to have decent bearing on the polymerization process as shown by the change in absorbance with the change in temperature conditions of the electrolytic cell.
